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Abstract 


Metal cutting' is one of the most important and vital machining processes among all the 
. -'manufacturing processes'. In metal cutting excess metal is removed in the form of chips 
to form the desired shape using a wedge shaped tool. Turning is a metal cutting process 
where the single-point cutting tool is used to remov e the excess metal from the workpiece. 
There are various prolDlems that gener^ly'^ect the dimensions of the workpiece during 
machining. Among them tool wear is the most significant one. Tool wear causes a tapered 
surface instead of a cylindrical one especially in turning of long jobs. The present work 
is dedicated to develop a sensor which monitors the tool wear and controls the workpiece 
diameter so as to avoid the tapering in the machined job. 


A non contact, displacement optical fibe:^sensor-,>is developed to ^monitor the tool wear 
indirectly by constantly monitoring the change in the workpiece diameterdue to the tool 
wear. The signal from this optical fiber sensoij is amplified and converted into digital 
form. This digital signal is sent as an input to the system(software) developed where it 
is compared with the previously stored signal to estimate ^the change in the workpiece 
diameter, and hence the tool wear. This difference corresponds_to tl^ radial tool wear, 
which is then sent as an input to the trained neural network module for predicting the 
flank wear and also to the controlling module to control the dimensional inaccuracy of the 
workpiece^ue to the tool wear. The flank wear data with different working conditions 
were collected experimentally to train the neural network for predicting the flank wear. 
The sensor was tested for different working conditions. Whenever the controlling module 
is invoked, it sends the required amount of signals to a stepper motor through a PC 
interfacing circuit to compensate the dimensional inaccuracy due to the tool wear. The 
results show that dimensional inaccuracy can be maintained below 0.03 mm using the 
developed system. 
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Chapter 1 


Introduction 


The major goal of manufacturing systems is to integrate the machine tools which have 
the intelligence to look after themselves and their peripheral devices. Due to increased 
competition in the market, need of high quality products with less cost, and requirement 
of high productivity, there is a high demand of automated systems. In the world of con- 
ventional manufacturing, metal cutting is an area where the wedge shaped tool is used to 
get the required shape and size of the workpiece. But due to various technological prob- 
lems it is becoming very difficult to make this process fully automated. For example, the 
tool is used for cutting the workpiece materials; the tool in turn wears out, continuously 
or intermittently. Due to this tool wear there are some side effects which are listed below. 

• Increase in machine tool vibration, 

• Increase in dimensional instability of the work piece, 

• Change in cutting conditions, 

• Effect on surface finish of the job produced, and 

• Increase in the cutting forces. 

A cutting tool is said to be failed if it produces the dimensional deviations more than 
the required limits and unacceptable surface properties. A cutting tool is the only one 
component that wears very rapidly in the machine tool and needs to be minimized. 

The present work is dedicated to monitor the tool wear and solve the dimensional 
instability side effect. 
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Figure 1.1: Different types of Tool Wear.' / [1] 


1.1 Tool Wear in Metal Cutting 

Although the exact form of tool wear will vary according to the cutting operation, that 
is turning, milling, drilling etc., the study of tool used in turning which is a single point 
cutting tool will give an overall idea. 

There are various types of wears as shown in the ’ , Fig. 1.1. The reason for the 

occurrence of a particular type of wear or their combination depends upon the cutting 
conditions, materials of the workpiece^ the tool used. Figure 1.1 shows different types of 
tool wear in a typical HSS tool.[l] 

The reasons for the various tool wears are given as below. 


1.1.1 Plastic deformation by shear at high temperature 

At high temperatures the tool hardness will decrease and as the worn material flows above 
the tool it will deform the tool material. This type of wear. . , is •• called crater 
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wear. This is generally formed at certain distance from the cutting edge because the 
higher temperatures will be developed at certain distance from the cutting edge. Crater 
wear is formed when cutting speed is high. 

1.1.2 Deformation under compressive stress 

In this case the material is not removed, rather deformed, but forces and temperature 
may be increased locally and so the flow pattern of the workpiece will be modifled. Tools 
are more likely to be damaged by deformation when the hardness of the work material is 
high and it is this mechanism that limits the workpiece hardness that can be machined. 

1.1.3 Diffusion wear 

There is metal to metal contact and temperature of 700° C to 900% are high enough for 
appreciable diffusion to take place. Thus tools may be worn by metal carbon atoms from 
the tool diffusing into, and being carried away by the stream of work material flowing 
over its surface, and by the atoms of the work material diffusing into or reacting with 
the surface layers of the tool to alter and weaken the surface. Rates of difiusion increase 
rapidly with temperature. 

1.1.4 Attrition wear 

The flow of metal past the cutting edge is more irregular and less stream-lined or laminar. 
In this case a built-up edge may be formed on the tool. Under these conditions microscopic 
size of materials may be torn intermittently from the tool surface, and this mechanism is 
called attrition. 

1.1.5 Abrasive wear 

Abrasion is considered as a major source of wear and literature on the subject often 
describes tool wear in general as abrasive. Work material contains greater concentration 
of hard particles, such as pockets of sand on the surface of casting causing rapid abrasive 
wear of the tool material. 
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1.1.6 Wear under sliding conditions 

This type of wear takes place when sliding occurs, either continuously or intermittently, 
other wear mechanisms can come into play and, under suitable conditions can cause 
accelerated wear in these regions. 

There are other wear mechanisms that are still under investigations. However wear 
results in distortion of some specific areas of the cutting tool. Figure 1.2 shows the 
geometry of the worn tool and its nomenclature. 

The flank wear is more important to study as compared to all other types because it 
governs the dimensional accuracy and surface finish of the machined component. It also 
influences the chatter of the machine tool. Most of the research works reported in the 
literature are related to the flank wear. The following paragraphs will give the need of 
the on-line monitoring and on -line control of dimensional inaccuracies on the machined 
components. 


1.2 On-Line monitoring of tool wear 

Use of a worn-out tool during cutting may damage the workpiece to the highest extent. 
Further the tool failure depends on multiple of factors, so it is -difficult to predict 
when the tool will rmss nrp>.snprifipfl limit-. Thprpfnrp thprp is fl, nppd of spnsnr that 
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The sensors which can be used to monitor tool wear during cutting should have the 
combination of the following characteristics. 

• It must give fast , clear and reliable signal. 

• It must be practical and able to work without any operational difficulties on the 
shop floor. 

• It should be flexible and able to monitor and control tool at all working conditions. 

• It must be capable of monitoring the tool wear On-Line to minimize the production 
time. 

• It should permit remote monitoring and should not interfere with machining process. 

• It should be cheap, safe and reliable under varying working conditions like temper- 
ature, pressure etc. 

1.3 On-line control of Dimensional deviations 

The tool wear is inevitable. One of the major problems caused by it is, dimensional 
instability. The tool wear in radial direction occurs mainly at medium cutting speeds and 
high feeds. Figure 1.3 shows how the tool wear effects the dimensions at macro level of 
the job to be produced in turning .The dimensional deviations in turning can also be due 
to 

• The machine inaccuracy. 

• The machine tool vibrations 

However if the above factors are under control then the tool wear will be the dominating 
factor responsible for dimensional deviation. 

The dimensional deviations will affect the production cost due to the increased pro- 
duction time because of increase in the amount of material to be removed during flnishing 
operation. Figure 1.3 shows the extra volume of the job to be removed due to the taper 
produced in the workpiece because of flank wear of the tool. 


Extra volume = nD/xl(D/ - Di) 
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Desired Proffe 



Figure 1.3: Diagram Showing the Effect of tool wear on Dimensional Accuracy 
where 


• Df = Final diameter ,Di = Initial diameter 

• 1 = Length of the Job to be produced 

For long workpiece like turning of a gun barrel even a small change in the diameter will 
cause the large increase in extra volume. As the volume of the material to be removed 
increases the grinding cost and the time increase, increasing ultimately the production 
cost and production time. 

This problem needs a solution. The solution can be of two types. One is to restrict the 
tool wear and another is to compensate the dimensional deviations on-line by developing 
a reliable sensor. 


1.4 Literature Review 

A lot of research work has been done over the last 40 years in the area of metal cutting 
for developing the sensors which can give a reliable information about the tool wear. 
Some theoretical models and a variety of techniques, supplemented with experiments, 
were proposed for on-line monitoring of tool wear during machining. 
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Various techniques proposed for monitoring the tool wear are generally classified into 
two broad categories : Direct and Indirect methods.[3] Table 1.1 shows the classification 
of these methods. In indirect methods, a suitable parameter is selected to provide in- 
formation about the tool state, while in direct methods the actual wear on the tool is 
measured. The inherent advantage of the indirect techniques is that they can be used 
without actually interrupting the cutting process. 


Anuj Sanjanwala [4] developed a pneumatic sensor for on-line measurement of the 
workpiece dimensions change during turning. A compressor is used as source of the 
compressed air .The compressor surge tank has two openings. One is connected to the 
pneumatic sensor and the other is connected to the man port of the pilot controlled 
direction control valve. The air coming to the pneumatic sensor first passes through 
an orifice and then through a nozzle. The pressure between the orifice and the nozzle, 
called back pressure, depends upon the distance between the nozzle and workpiece which 
decreases as the workpiece diameter increases with the tool wear. 

Shirashi and Uehara[5] developed a non-contact measuring apparatus. They used 
this apparatus for in-process control of NC lathe. The proposed apparatus was realized 
by the use of a laser unit, photo conductive cells and optical systems. The finished 
size of a workpiece was continuously monitored by the laser spot and the tool post was 
automatically controlled to reduce the error. 

Suzuki and Weinmann[6] devised an on-line tool wear sensor by measuring the change 
in distance between the tool holder and workpiece using stylus which is mounted on a 
tool holder. The stylus movement is sensed by a displacement traducer. The tool wear 
was monitored using a digital processing oscilloscope. 

K.C.Fan and Y.H.Chao[7] developed a set-up for in-process dimensional control of 
the workpiece during turning. During operation ,the diameter of the workpiece can be 
measured through three servo measurement units. Each unit is composed of a non - 
contact proximitor for direct gap sensing, a stepping motor controlled a linear carriage to 
move the proximeter for surface tracing, and a LVDT for position feedback of the carriage. 
The error compensation strategy is implemented by interrupting a compensator in the 
position feedback loop of the NC servo system so that the tool position can be directly 
controlled by an external personal computer. 

M.Shiraishi and S.Sato [8] developed system for dimensional and surface roughness 
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Table 1.1: Classification of Tool Wear Sensing Methods. ■ [3] 


Procedure 

Measurement 

Transducer 

DIRECT 

Optical 

Shape or position of the 

TV camera; optical 


cutting edge 

transducer 

Wear particles and 

Particle size and concentration; 

Spectrophotometer and the 

radioactivity 

radioactivity 

Scintillator 

Tool-work junction 

Changes of the junction 

Voltmeter 

resistance 

resistance 


Workpiece size 

Dimension of workpiece 

Micrometer; optical, 
pneumatic, ultrasonic 
electromagnetic transducers 

Tool-work distance 

Distance of work-tool 

Micrometer; pneumatic guage; 


from tool holder 

displacement transducer 

INDIRECT 

Cutting force 

Changes of cutting force 

Dynamometer strain guage 

Acoustic emission 

Stress wave energy 

AE transducer 

Sound 

Acoustic waves 

Microphone 

Vibration 

Vibrations of tools 

Accelerometer 


and/or tool posts 


Temperature 

Variation of cutting tool 

Thermocouple; 


temperature 

pyrometer 

Power input 

Power or current consumption 

Ampere meter; 


of spindle or feed motor 

dynamometer 

Roughness of machined 

Changes in surface 

Mechanical stylus; 

surface 

roughness of workpiece 

optical transducer 
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Figure 1.4: Measuring System. . [8] 


controlling in turning operation. The measuring principle is as shown in the Fig. 1.4. A 
He-Ne laser light, having a rectangular beam by traversing lens (LI) and corresponding 
light after passing over the workpiece profile is sensed by 32 photo diodes. Each photo 
diode can provide an output signal. The signals are processed and corresponding profile 
was measured. 

An optical fiber sensor based on cutting force measuring device was developed by 
the W.L.Jin, P.K.Venuvinod and X.Wang[9].In this system a specially made tool sank 
attached with optical fiber sensor was developed. The tool sank was treated in such a 
way that during a cutting process a displacement proportional to cutting force. 

The workpiece diameter change can also be measured using the ultrasonic sensors 
.This technique was given by G.f.Micheletti ,W.Koneing and H.R. victor [10]. 


1.5 Objectives and Scope of Present Work 

The research was done for both on-line and off-line sensing of the tool wear. Convention- 
ally, the tool wear is measured by removing it from the tool post and placing the same 
under the microscope. Off -line sensors can save this wastage of production time. Most of 
the on-line sensors developed were based upon indirect measuring techniques which are 
not suitable to all conditions. 

The present work involves development of a sensor for on-line sensing and control 
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of dimensional deviations occurred due to tool wear in turning operation. A fiber optic 
sensor is used for predicting the flank wear with this dimensional change for various 
cutting conditions like cutting speed ,feed and depth of cut on center lathe. The control 
system will act according to the tool wear signal obtained from the sensor system. The 
objectives of present ^^are 

• Design and fabrication of a device to sense tool wear during machining of workpiece. 

• Design and fabrication of an actuator to arrange stepper motor and worm gears 
which controls the tool post according the tool wear. 

• Design and fabrication of a feed back control system components(PC interfacing 
circuit) that connect the sensing and compensating components. 

• Design and development of an user friendly and menu driven software for on-line 
tool wear monitoring, predicting flank wear using neural network technique and 
operating the controlling system which maintains the dimensional deviations under 
control. 

• Assembly of the system components. 

• Testing of the designed and fabricated system by conducting the experiments which 
are designed by following the statistical methods. 

1.6 Organization of Thesis 

The thesis is organized in various chapters. Chapter 2 gives the information about the 
experimental set-up , which involves optical sensor system and the controlling system 
and its various parts . This chapter idea about the PC interfacing and controlling the 
hardware. 

In chapter 3, the software written for sensing , controlling and predicting the tool wear, 
which has been written in the form of various modules has been discussed in depth. For 
predicting the tool wear, Neural networks has been used. This chapter also gives details 
of the Neural networks used and the derivation of the Back propagation algorithm. 

In chapter 4, the experiments conducted to test the performance and efficacy of the 
sensor designed to control the dimensional deviations in turning, and various measures 
taken to conduct the experiments have been discussed. Finally the limitations of the 
sensor designed are also discussed. 
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In chapter 5 , conclusions of the thesis work have been drawn and scope for future work 
has been elaborated. 



Chapter 2 


EXPERIMENTAL SET-UP 


The wear due to interaction between the chip and tool, and between the work and tool 
are the main phenomena by which a cutting tool fails. Out of various tool wear phenom- 
ena the radial tool wear causes the undesired dimensional instability. There are various 
other reasons for dimensional instability other than tool wear which were discussed in the 
previous chapter. This chapter deals with the design and fabrication of the optical sensor, 
which measures the change in diameter of the workpiece due to the radial tool wear. This 
chapter also discusses the development of a control system for the tool post to compen- 
sate the tool wear in radial direction. The personal computer has been used to work as a 
logical unit to control the position of the tool • according to the signal obtained from 
the optical sensor. For communication with the hardware set-up interfacing circuits were 
designed. 

The full details are presented in the later sections. 


2.1 OPTICAL SENSOR 

A sensor is a device that converts the change in magnitude of one physical parameter 
into a corresponding change in another parameter that can be measured conveniently and 
accurately. 

Fiber optic sensors have proved to be accurate and capable of operating in harsh 
environments contaminated with high explosives or corrosive gases. Some of the key 
features of fiber optic sensors compared to conventional ones are 


increased sensitivity. 
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Figure 2.1; Basic Reflective Fiber Optic Sensor .[11] 


• Geometric versatility i.e. fiber sensor can be configured in arbitrary shapes. 

• highly reliable and safe. 

• very compact. 

• access to normally inaccessible areas. 


The schematic diagram of a basic Fiber optic sensor is shown in the figure 2.1 

The reflective intensity modulated fiber optic sensor is one of the simplest and the most 
widely used sensor. It can be used as a displacement sensor in vibration and monitoring 
sensor in robotics and automation control. In the present work, this type of sensor has 
been used to measure a change in the workpiece diameter. 

The basic operating principle can be explained by considering the transmissive system 
where an image of the emitting fiber is formed at a distance d, behind the reflective 
surface. This is as shown in the figure 2.2 

The light is emitted from the image fiber in the shape of a cone. Depending on 
distances from the receiving fiber and the reflector(d) and between the emitting and 
receiving fibers (h), the receiving fiber can be 

• Out of light cone, 

• Partially overlapped by the emitted cone, 

• Fully overlapped by the emitted cone. 




REFLECTOR 


IMAGE FIBER 
. _ _ _ ^ 


Figure 2.2: Reflective Fiber with image Fiber. . [11] 



Figure 2.3: Chareterstic curve of the sensor 
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When the distance d (stand off distance) is zero then the light emitted from the 
emitting fiber is returned back and thus the voltage obtained which is direct measure of 
the intensity of the light coming from the receiving fibers is also zero. In this case the 
receiving fibers are out of the cone . 

As the d increases the cone of light partially overlaps with the receiving fibers and 
the voltage increases linearly. The slope for this region is very high and is also named as 
Front slope. 

At certain distance ’d’ the cone fully covers the receiving fibers and the voltage at 
this stage is maximum. After this limit, if d increases further then the light intensity will 
decrease as the cross sectional area of the cone at the receiving fibers increases. Due to 
this reason the voltage will also decrease. The slope for this region is negative and named 
as Back slope. The curve in the figure 2.3 shows the front slope and back slope. This 
curve is called as chareterstic curve. This curve is drawn by conducting the experiments. 
In that curve the light intensity is represented as voltage. Tn the present work the&eat. 
slope has been selected due to the high sensitivity of sensor in this region. Generally 
the back slope is used for large range of operations and front slope is for high sensitive 
operations. 

2.1.1 Optical Fiber Transducer 

Most of the fiber optic transducers basically use some form of the optical lever, principle 
( a means of detecting small displacements by refiected beam of light from the object ). 
Fig.2.4 shows the cross-section of a step index multi-media fiber [12]. These fibers are 
made of a cylindrical core, typically 50 micrometers in diameter, surrounded by a cladding 
whose refractive index is less than that of the core. The numerical aperture of the fiber 
in air is given as : 

NA = sinOc = (2.1) 

where ni and n 2 are the refractive indices of the core and the cladding material, respec- 
tively and 9c is the angle of incidence of the ray incident at the core-cladding interface at 

!> 

the critical angle for total internal reflection. This ray consequently propagates along the 
fiber with no reflection losses. 

Usually the sensor consists of a bifurcated fiber bundle with one leg connected to a 
photo detector and the other to a light source ( preferably monochromatic ). At the face 
of merger of the two bundles the fibers from the two legs are randomly mixed. Other 
configurations with hemispherical or concentric- traverse-inside fiber grouping are also 
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Figure 2.4: Ray propagation through a multi-mode optical fiber [12] 



Figure 2.5: The cross section of the bundle of fibers used in the present work 
available. 

For the experiments conducted in this work, a bifurcated bundle of optical fibers, with 
concentric traverse inside {CTI ) grouping of the fibers at the merger point, was selected. 


The overall arrangement of the optical fiber sensor is as shown in the figure 2.6. 


2.2 Sensing and Amplification Circuit 

The light is reflected from the surface of the workpiece when it is incident on it by the 
center core of fiber optic transducer and this will be received by the receiving fibers. 
The power of the reflected light is dependent on the workpiece dimensions (diameter). 
This reflected light energy is converted in electrical signal using photo detector. Photo 
detection involves measuring the incident light in terms of an electrical signal. There are 
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Figure 2.6: Operating principle of the designed optical fiber 
three basic forms of photo detection. They are 

• Photo emission. 

• Photo conduction. 

• Photo voltaic. 

photo emission means when the light rays fall on the detector surface then free elec- 
trons will be emitted. This emission usually occurs in a vacuum tube. 

With photo conduction the incident light on a photosensitive material causes the photo 
detector to alter its conductance. 

In the photovoltaic action, a voltage is generated when the light strikes the sensitive 
material in the photo detector. 

The commonly used photo detector is the single junction photo diode. A photo diode 
is the optical version of the standard diode. It is constructed of a P—iV junction. Photons 
of light energy are absorbed into the device and the hole-electron pairs are generated. The 
pairs are combined at different depths within the diode depending on the energy level of 
the photon. A wide, thin surface area is used to ensure maximum absorption. Current 
flow is dependent on the amount of radiation absorbed. Photo diodes operate in the 
photo conductive mode with reverse DC bias applied. This is also known as the current 
mode. Current is extracted as a measure of the applied radiant energy. Signal current 



-hSV 


18 


SI lOOs 
photodiode 


R, 


Figure 2.7: Photo diode circuit 

flows through the load resistor, Ri, in the photo conductive circuit, as shown in Fig. 2.7. 

The detecting material should be such that whenever it is exposed to light it should 
absorb the light energy. If the detector responds to the light energy and not the wave- 
length, it is said to be non-selective. If the detector responds by varying detection at 
different wavelengths, it is known as selective. Selectivity or responsivity is the detec- 
tor’s response per unit of light. Wavelength responsivity is called the spectral response. 
Frequency response is the speed by which the detector responds to the changes in the 
radiation amplitude. Fluctuations in the output current and/or voltage are referred to as 
noise. Noise is usually caused by current that flows in the detector regardless of whether 
light is applied or not. A common specification for the detector is the signal-to-noise ratio 
which is a ratio of the signal current divided by the noise current. 

In the present work, a SI 100s photo diode with a responsivity of 0.4 A/W at 632. Snm 
wavelength is used. The specifications are shown in the Appendix I. 

The voltage available after the photo detection is few milli volts. To have more sensi- 
tivity the signal is amplified and for this purpose a pre-amplification circuit is designed. 
The amplifier is used with commercially available Op-amp IC. The circuit is shown in the 
Fig. 2.8. 

The difference in the voltage signals at the two inputs is amplified by an operational 
amplifier which can operate either in inverting or non-inverting mode. The voltage will 
be developed across the load resistor(i?i) of the photo diode whenever any light incidents 
upon it. This is fed as one input to the op-amp, the other input is grounded with another 
resistor, i? 2 , Rz is the feedback resistor. The required gain factor is obtained by changing 
values of the two resistors, Rz and Rz- Initially with the two inputs of the op-amp 
shorted and grounded, the output voltage is set to zero using the variable resistor, R^. 
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Figure 2.8: The sensing and amplification circuit 


The method of doing for zero voltage output when the op-amp is short circuited is called 
input offset voltage correction. This correction is done carefully before using the circuit 
for the operation, otherwise the op-amp will be driven into a saturation region giving a 
constant output voltage for any input voltage signal. The gain used in the present work 
is calculated as follows: 

G = ^ (2.2) 

The output voltage is found as 

K = (1 + iW 

= C(1 + ^)P Ri (2.3) 

where, C is the responsivity of the photo diode and P is the wattage of the light incident 
on the photo diode. 

In the present work the Laser is used as source of light. The following section will give 
the reason for using laser as the source of light. 

2.2.1 LASERS 

The name LASER is an acronym of light amplification by stimulated emission of radiation. 
A LASER is a device that produces an intense concentrated, and highly parallel beam 
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of coherent light. In present work the He-Ne laser was used as light source though other 
light sources can serve this purpose but laser can do it in efficient way and the efficacy 
will be more due • to the following special properties. 

• Coherence 

• Divergence 

• High concentrated power 

2.2.2 Coherence 

Coherence probably is the best known property- of laser light . Light waves are coherent 
if they are in phase with each other, that is if their peaks and valleys are lined up at the 
same point. 

2.2.3 Divergence 

The divergence of the Laser light is very less compared with other sources of light . Due 
to this reason it is used to measure the astronomical distances. In the present work the 
laser light is used basically due to its less divergence angle and negligible loss of power. 

With the above said special properties the LASER will have more reflecting light power 
resulting in high sensitivity for the sensor developed. The Fig. 2.9 shows the comparison 
between the output when light source is used and when a halogen light source is used for 
a typical optical fiber sensor. [11] 

2.3 Analog to Digital Conversion 

The signal obtained from the sensing and amplification circuit is of the analog form. Here 
the logic unit used for giving the control signal when ever desired and for predicting the 
tool wear is a PC. To give this signal to the sj'stem developed (details are discussed in 
the next chapter) ,it should be converted into the Digital signal. Among the various 
techniques available for A/D conversion, Successive Approximation Method is the most 
popular method. In this technique, various output codes are fed into a D/A converter 
and the result is compared with the analog input by a comparator, as shown in the Fig. 
2.10. The way it is usually done is to set all bits initially to zero, and beginning with the 



21 



Figure 2.9: The Comparison of the output with Laser and Halogen light source. [11] 

most significant bit, each bit in turn is set to one. If the D/A output does not exceed the 
analog input signal voltage, the bit is left as a one, otherwise it is set back to zero. For 
an n — bitA/D, n such steps are required. 

A successive approximation A/D module has a BEGIN OF CONVERSION input 
and END OF CONVERSION output. The digital output is always provided in the 
parallel format. Successive approximation A/D converters are relatively accurate and 
fast, requiring only ‘n’ settling times of the DAC for n — hit precision. This type of 
converter operates on a brief sample of the input voltage and if the input voltage is 
changing during the conversion, the error is not greater than the change during that time. 

A commercially available data acquisition card for IBMPC/XT/AT computers, PCL— 
812 from Dynalog Microsystems Ltd., is used in the present work. This uses an indus- 
trial standard 12-bit successive approximation converter ADC 57 A to convert the analog 
inputs. The specifications and features of this card are shown in Appendix 1. 

The A/D conversion is triggered using a software which is discussed fully in the next 
chapter , controlled by the application program issued software command. The data 
transfer is also done using the program control. After the A/ D converter has been trig- 

I 
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Figure 2.10: Successive approximation ADC. [13] 

gered, the application program checks the END OF CONVERSION (EOC) bit of the 
A/D status register. If the EOC is detected, the converted data is transferred from the 
A/D data register to computer memory by the application program control. The next 
chapter gives the algorithm for analog to digital conversion. 

2.4 Actuator 

After receiving compensating signal from the PC there is a need of actuator for compen- 
sation of the workpiece dimensions change. The Actuator will serve that purpose. Fig. 
2.11 shows the line diagram of the actuator. 

The integral parts of the actuator can be divided into mainly Three parts. 

• Fixture 

• Gears 



Stepper motor and Controller 
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2.4.1 Fixture 

The fixture is made of the mild steel and it is designed so as to hold the stepper motor 
and gears arrangement. 

The fixture was designed and fabricated by taking care of the following points. 

• It should be rigid and compact, and should not cause any vibration. 

• It should not bend with the load of the stepper motor. 

• It should be easy to remove or rearrange so as to conduct the experiments. 

2.4.2 Worm Gears 

The worm gears are used whenever there is a need of high reduction in the speed, as 
in the present work. The least count of the cross slide micrometer is 0.05 mm. .In order 
to decrease this least count up to microns worm gear was designed and fabricated. The 
worm gear and wheel are designed by considering the limiting factors as center distance 
between them and the number of teeth on worm gear. Here the center distance is 105 
mm and the number of teeth is 68. 

2.4.3 Stepper Motor and Controller 

Stepper motor is a special type of motor in which angular motion can be easily controlled. 
A controller gives output to a driver system which amplifies the sequence signal to the 
required level. A series of predefined sequence controls the motion of the motor. Each 
step in the sequence advances the motor by one step. For the presently used stepper 
motor one step is equal to 1.8 of degree angular motion. Thus 200 steps correspond to 
one revolution of the motor. Following the sequence in reverse direction the motor is 
reversed. The stepper motor also can function in the half-step mode. In the present work 
the half step mode sequence was used. The maximum torque carrying capacity of the 
stepper motor is 21 kg-cm and it is capable of mov^ the cross slide even at the cutting 
conditions. The stepper motor is controlled by a ■— .-.controller using ^ a logical 
input. The logical input should be 15 volts in parallel format. For PC, an interfacing 
circuit was designed. Details of which^ discussed in the next paragraph. 
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Figure 2.12; PC Interfacing Circuit 


2.4.4 PC Interfacing Circuit 

The PC interfacing with the controller of the stepper is done by designing an interfacing 
circuit. The designed circuit takes the input from the printer port. 

Here the decimal value is sent with some time lag from the printer port to PCIC where 
the sequence of signal gets added to the buffer voltage and becomes +15 V from +5 V. 
This signal is then sent to the logic input of the motor controller. For communication 
with the logic unit of the stepper motor controller, a parallel communication is desirable. 
Due to this reason printer port has been selected for parallel communication. 

The schematic diagram of the final setup is shown in the Fig. 2.13 The photographs 
of the set-up are shown in Fig. 2.14 and Fig. 2.15. 

2.5 Planning of experiments 

The main aim of the experiments is to collect the flank wear data at different working 

* * j r 

conditions to train the neural network. Along with the experiments are also required tor 
testing the fabricated sensor. For doing the experiments the planning of experiments is 
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Figure 2.13; The Set up arranged for conducting experiments. 
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done. The Planning of experiments is introduced to fulfill the following requirements: 

• To get the training data, for neural networks, uniformly from all the regions of 
working area. 

• To reduce the total number of experiments. 

• To conduct parametric study. 

If all the factors represent the quantitative %'ariables like, temperature, time, speed etc., 
the response, y, can be written as a function of the levels of these variables [14]. 

tJu ^2ui • • • 5 d" Cu 

where.u = 1, 2, N 

where, N is the total number of observations in a particular experiment 

..Xiu = the level of ith factor in the Uth observation 
e-u = experimental error of the observation 
and, function f) is called the response surface 

A knowledge of the function, f), gives a complete summary of the results of the experiment. 
These experimental design can be developed for fitting the polynomials of first or second 
order. 

The fitting of polynomials can be treated as a particular case of the multiple linear 
regression. The relation between and is of the form : 

Vu ~ Aj^Ou d" d" ■ * ' d" PkXku d“ 

where, k is the total number of variables 

The two way array of Xiu is called the X matrix and the column of values is called 
the Y vector. 

The least squares estimate hi of the A so as to minimize the sum of squares of the 
deviations. 

N 2 

(yu “ boXou ~ bi^iu — • • • — bkXku) 

U=1 

The values of A, which minimize this expression, satisfy the normal equations 

bQ{ 00 ) + bi{Ql) + -" + bk{0k) = (Oy) 

bo{kO) + bi{kl) d b bk\kk) = (fcy) 
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where, 


(ij) = (ii) 


(ii) 


iw) 


N 

^ y ^iv, ^ju 
u=l 

= sum of the products of the ith and jth column in X 

N 

= E4 

ti=i 

= sum of the squares of the column in X 

N 

— ^ \ Xiu Vu 

u=l 

= sum of the products of the ith column in X with Y 


Although the normal equation can be solved directly, it is useful to calculate the set of 
intermediate quantities, Cji, (inverse matrix). 

The regression coefficients bi are obtained as 

= E {jy) 

j=Q 

= sum of the product of i^^ column o f Cji with the column {jy) 


Residual sum of squares: 


Rk = yy-t^ Hw) 


i=0 


Residual mean square; 

c2 _ 

N-k-1 

These normal equations are easy to solve, when the variables Xiu are mutually orthogonal. 
In this case, all sum of the products {ji) vanish (i j) and the normal equation reduces 


to: 


(n) bi 
and, bi 


and, inverse matrix, Cji 


(iy) 

iy 


ii 

4; C,-i = 0, i^j 


2.5.1 Central composite rotatable design for three factors 

This design is used, normally, in the following conditions, when 


• No linear relationship between the input and the output variables exists. 



31 


• More than two levels are required for each of the input variables. 

• Repeatability of the experiments is quite good. 

As these conditions are largely satisfied in the present case, Therefore, this design ha.s 
been used. 

The general form of a quadratic polynomial for three variables is illustrated as: 

Uu = bou + biuXi H- b‘iuX2 + bzuXz + bxyy,x\ 

+b22uxl + bzzuxl + bi2uXiX2 + biZu^lXz + b23uX2Xz (2.5) 

In order to estimate these coefficients (&o«, •••» & 23 u)) ^iu must take at-least three 

different levels. This suggests the use of the factorial designs of 3*^ series. One disadvantage 
of 3* series, however, is that the number of experiments become quite large. Therefore, 
some researchers [14], constructed the composite design by adding some more combinations 
to the 2* series. If the coded levels of each x- variable are -1 and 1, then in 2* factbrial, 
the additional factor combination are given as: 

(0, 0, 0); (-a, 0, 0); (a, 0, 0); (0, -a, 0); •••; (0, 0, a) 

The value of a can be chosen to make the regression coefficients, orthogonal to one 
another, or to minimize the bias that is created, if the true form of response surface is 
not quadratic. 

The researchers[14], also pointed out that for a rotatable design the value of a must 
be 2*/^^. Therefore, for the three level design, value of a is given as: 

a = 2^^^ = 1.682 (2.6) 

In the present design, actually, the five levels (-a, -1, 0, 1, a), of x-variable are used. 
Substituting the value of Oi from Eq. 2.6, the levels are given as. 

(-1.682, -1, 0, 1, 1.682) 

The complete design is shown in the Table 2.1. The columns headed xi, X2 and xz, 
specify the actual combination to be used. The xl, xl and xj, shows the squared terms 
and XiX 2 , XiXz and X2X3, shows the cross product terms, of the general quadratic equation 
given in the Eq.. 2.5. the corresponding values of the y is placed on the right. 

Now the sums of each products of each column in X matrix with the column of y 
values are denoted by (Oy), (ly), (2y), and so on. 
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Prom the values of (Oy), (ly) etc., the regression coefficients are computed by the 
equation given as: 

bo = 0.166338 (Oy) - .056791 E (wy) (2.7) 

bi = • .073224 (iy) 

bii = .0625 {iiy) + .006889 E (wy) - .056791 (Oy) 
kj = .125 (ijy) 

Where, the only auxiliary quantity needed is (E {iiy)), which can be found out by adding 
the cross products of all the squared terms with y i.e. 

E {iiy) = (lly) + (22y) + (33y) 

Substituting these values of the regression coefficients in Eq. 2.5, the response y, can 
easily be found out. 

The range of input cutting parameters were decided, on the basis of data given in the 
handbooks, machine capabilities and the practical experience as: 

cutting velocity = 20 — 70 mfmin 

feed rate = 0.05 — 2.5 mm j rev 
depth of cut = 0.4 — 0.9 mm 

To reduce the total number of experiments and to get the data uniformly from all the 
regions of the selected working area, the design of experiments procedure is adopted 
as discussed above. In the present case. Central composite rotatable design for three 
factors,, has been used. The three factors, are cutting speed, feed and depth of cut. These 
factors were identified as most effecting factors in flank wear phenomenon. In this design, 
there are five levels associated with each factor. The input parametric values are scaled, 
according to these five levels, which are given in Table 2.2. 



level 

cutting 

velocity,v 

(m/min) 

feed 

rate,f 

(mm/rev) 

depth of 
cut, d 
(mm) 

-1.682 

21.4 

.063 

.4 

-1 

31.0 

.100 

.5 

0 

45.0 

.150 

.65 

1 

59.0 

.2 

.8 

1.682 

68.0 

.225 

.9 


Table 2.2: Different level of cutting parameters 




Chapter 3 


SYSTEM DEVELOPMENT 


The sensor system consists of a fiber optic sensor with an amplification circuit and the 
control system consists of a stepper motor and a controller with a PC interfacing circuit. 
The system sends an analog signal in the form of a voltage. This signal corresponds to 
the diameter of the workpiece at that particular instant. The difference between the ini- 
tial signal(taken when the machining starts) and instantaneous signal corresponds to the 
change in the diameter of the workpiece at that particular instant. If this change is more 
than a certain predefined threshold value (explained in later sections) then the controlling 
system is activated to control the tool post(tool) for minimizing the dimensional inac- 
curacy. In order to compare the previous stored value with the particular instantaneous 
value, there is a need of system which can integrate these two different hardware setrups. 
This can be performed by ha\'ing a flexible system^^a logic device. The required system 
was designed and developed using the software technology. The present chapter describes 
the design and development of the software part for the sensor. The sensor requires a 
logical device which can compare the previously stored value (reference value) with the 
instantaneous value and gives the signal to the stepper motor controller. To decrease the 
errors and increase the flexibility personal computer was used for this purpose. The PC 
is with Intel microprocessor chip. The software was developed for various tasks using the 
C language due to its special advantages in the hardware control. 

The system developed consists of three different modules. 

• Sensing module, 

• Controlling module and 

• Operating module 
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Figure 3.1: Software Architecture 
The figure 3.1 shows the software architecture. 

3.1 Sensing Module 

The sensing module percepts the analog signal and converts it to the corresponding digital 
value. Initially the sensing module is called by the operating module. This module first 
cleans the address of the ADC card and then checks for proper switch setting on the card. 
Following are the arguments (information) that are required for the sensmg module 

• Number of conversions and 

• Channel number from which the signal has to be sensed. 

The signal is sensed by a software trigger which was stored in the dardy register. This 
signal is added to a variable Avg. The same procedure is followed for the value entered 
for the number of conversions. Finally the average value(Avg/Number of conversions) 
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returned from the sensing module to the operating module. Figure 3.2 shows the flow 
chart of the sensing module. 


3.2 Controlling Module 

The controlling module is for controlling the stepper motor according to the signal ob- 
tained from the operating module. The sequence of bits are sent from the printer port to 
the PC interfacing circuit. PC interfacing circuit increases its voltage from 5 V to 15 V 
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controller requires 15 V. The controlling module takes some arguments (information) from 
the operating module. The arguments are 

• Number of steps to be moved. 

• Mode of operation .(Half or full mode of operation ) 

• Backward operation or Forward operation. 

The sequence of signals in table 2.1 consists of the sequences of bits and their correspond- 
ing decimal values. This decimal value is converted into a hexadecimal value. These 
\-alues are sent from the printer port by using low level command in the C language with 
some time lag between each signal. The least time lag possible is 4 milli seconds. In 
the present work the least value is used. The details about the hardware control using 
software command in C language are given in the Appendix 1. The figure 3.3 shows the 
flow chart of the Controlling Module. 


3.3 Operating Module 

The operating module is the main module which receives and sends the information to 
sensing module and the controlling module. As the machining starts, keyboard interrupt 
is issued to start the working of the operating module. First it will clear the printer port 
and port of the ADC card. Then this module gets the signal from the sensing module and 
considers it as reference. Later it will take the signal again and checks with the reference. 
E the change in voltage is greater than prescribed threshold value which depends upon 
the precision of the job( this value entered by the operator to the computer. This value 
corresponds to the allowed dimensional inaccuracy of the job.) to be produced and the 
if^t slope of the characteristic curve of the optical sensor as shown in the figure 2.3, 
the operating module will give the corresponding signal to the controlling module to 
compensate the tool wear. For the present work, the slope of the characteristic curve was 
3.33 V/mm and the precision entered was 0.03mm .' The full details about the present 
working conditions, are given in the next chapter and reasons are also given for taking . 
the precision as 0.03 mm. The operating module also displays the change in voltage and 
number of signals given for compensation . 

The system works interactively to display the flank wear on the VDU. It also warns 
the user whenever the flank wear reaches the some predefined value. The flow chart of 
the operating module is shown in the figure 3.3. In the flow chart the variable dvdx 
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represents the slope of the characteristic curve of the optical sensor{figure 2.3 ^). The 
prediction of the flank wear in the present work is done by a special technique called 
Neural network. The Neural networks part in the present work comes under operating 
module. The following paragraphs briefly describe the theory of the neural networks and 
how it has been developed for the present problem. 
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Figure 3.5: Artificial Neuron with the activation function [l3] 

Neural Networks 


i 3.4.1 Introduction 


Artificial Neural networks are inspired from the biological science and works in the similar 
^ way as biological neurons works. These elements are then organized in a way that they 
are analogous to the human brain. Artificial neural networks exhibit a surprising number 
of the brain’s characteristics. 

The electro chemical signals are transmitted by biological neurons over neural path- 
; ways and each neuron receives signals from other neurons through special junctions called 
synapses. Some inputs tend to excite the neuron, while others tend to inhibit them. When 
- the cumulative effect exceeds some threshold value, the neurons fires, and sends a signal 
down to other neurons. An artificial neuron simulates these' simple biological characteris- 
tics of the neuron and works in the same way. Due to various advantages, lot of research is 
taking place to develop this technology. Generally the artificial neural networks are used 
in face recognition and the development of new systems in the various fields like Aero 
Space etc.. In neural networks, each artificial neuron receives a set of inputs and each 
input is multiplied by a weight analogous to synaptic strength. The sum of all weighted 
inputs determines the degree of firing called the activation level and is further processed 
by an activation function which may be a threshold function or a smooth sigmoidal func- 
tion, also called nonlinear function. An artificial neuron with such an activation is shown 
in the Fig 3.5. Construction of a neural network involves the following tasks[l3]; 


• to determine the network properties consisting of the network topology, (connec- 
tivity), the type of connections, the order of connections, and the weight range. 

• to determine the node properties like the activation range and the activation function 


• to determine the system dynamics, i.e., the weight initialization scheme, the acti- 
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Figure 3.6; Single layer neural network [13] 
vation calculating formula and the learning rule. 

An artificial neural network can be considered as a network of many simple proces- 
sors (units), each possibly having a ( small amount of ) local memory. The units being 
connected by communication channels (connections) which usually carry numeric (as op- 
posed to symbolic) data. The units operate only on their local data and on the inputs they 
receive via the connections between them. The design motivation is what distinguishes 
neural networks from other mathematical techniques, A neural network is a processing 
device, either an algorithm, or actual hardware whose design was motivated by the design 
and functioning of human brains and components thereof. It can consist of one or more 
layers. A single layer and a two layer neural networks are shown in the Fig 3.6 and Fig 3.7 
respectively. 

Generally the neural networks will follow some sort of training rule whereby the weights 
of the interconnexions are adjus ted on the b asis of the presented patterns. The neural 
networks learn from the past experiences and exhibit some structural capabilities for 
generalization. Learning is the process by which the free parameters of a neural network 
are adapted through a continuous process of stimulation by the environment in which the 
network is embedded. The type of learning is determined by the manner in which the 
parameter changes take place. The neural networks perform better if it learns from more 
patterns. The error between the predicted and the real values can be minimized by more 
number of input pattern data. 

In general, a neural network consists of several processors, each of which is connected 
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Figure 3.7: Double layer neural network [13] 

to all other nodes. In the present work, however, only layered feed-forward network has 
been used. Use of such a layered structure sacrifices some amount of parallelism, since 
only processors in the same layer operate in parallel, but adjacent layer compute serially. 
Although some parallelism is lost, these networks are popular, because there exists a 
sophisticated learning scheme for training the network[l3]. 

A threshold value is associated with each of the nodes. The output of each node is 
determined by the level of the input signal in relation to the threshold value. Signals 
can propagate through the network only between the adjacent layers and only in the 
single direction. These signals are modified by connection strengths (weights) between 
the nodes. 

Let, 

tik = threshold of the node in the hfHayer 
Wi,j,k = Weight between the node in (k — 1)*^ layer 
to the node in the layer 
'neti^k — input to the node in layer 
Oi^k = output of the i*^ node in k^^ layer 

Then the input to a node is, 

j 

The summation index, j, extends over all nodes in the {k — 1)*^ layer. The output of a 
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node, therefore, can be rewritten as. 


Oi,k - f{neti^k) 


where, in general, /,is non-decreasing function of the input of the node. It has been 
seen[15] 

1. a positive weight between two units implies the excitation of one unit by the other, 
and 

2. a negative weight implies inhibition (nodes contradict each other). 

3. A zero weight implies that the units do not affect each other directly. 

The function / can take-on several forms. For a linear network, 

^i,k ~ 

The most frequently used functions are the threshold and the sigmoid functions, giye^ 
by: 

fineti^k) = I if neti^k > 0 
= 0 otherwise 
f{neti^k) — ^ Q-ne%k 

Another commonly used activation function is the hyperbolic tangent. It is similar in 
shape to the logistic function and is expressed as: 

/(netj.jk) = tanh(x) 

Both of the functions have been shown in the Fig 3.8, Like the logistic function, the 
hyperbolic tangent function is S shaped, and it is symmetrical about the origin, resulting 
in: 

fi^eti^k) = 0 when, ne\k = 0 

Unlike logistic function, the hyperbolic tangent function has a bipolar value for /(netj^jt), 
a characteristic that has been shown to be beneficial in certain networks. 

Due to these reasons, the hyperbolic tangent function has widely been used and is 

— I. \ 


used in the present work also. 
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(b) Hyperbolic tangent function 


Figure 3.8: The activation functions [13] 
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Figure 3.9: Two layer back propagation network 
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3.5 Learning of Neural Network 


For many years, there was no theoretical sound algorithm, for training the multi-layer 
artificial neural network. Single layer networks provided severe limitations in their way 
of representation and their way of learning. 

The invention of back propagation algorithm has played a crucial role in the devel- 
opment of the neural networks. Back propagation is a systematic method for train- 
ing the multi-layer artificial neural networks, which has a strong mathematical founda- 
tion. (Fig 3.9) The objective of training the network is to adjust the weights, so that the 
application of a set of inputs produces the desired set of outputs. For the sake of sim- 
plicity, these input-output sets can be referred to as vectors. Training assumes that each 
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input vector is paired with a target (output) vector, together these are called a training 
pair. 

Before starting the training process, all the weights must be initialized to the small 
numbers. This ensures that the network Ts not saturated by large values of the weights 
and prevents certain other discrepan cies, e .g. if the weights start at equal values and the 
desired performance requires unequal values, then the network wi ll not l earn. 

The following steps have been required to train the back-propagation network, which 
can easily be understood with the help of Fig 3.9. 

1. Select the next training pair from the training set, apply the input vector to the 
network input. 

2. Calculate the output of the network. 

3. Calculate the error between the network output and the desired output (the target 
vector from the training pair) . 

4. Adjust the weights of the network in a way, that minimizes the error. 

5. Repeat the steps 1 to 4 for each vector in the training set until the error for the 
entire set is acceptably low. 

It may be seen that steps 1 and 2 constitute a forward pass in that the signal propagates 
from the network input to its output. Steps 3 and 4 constitute a reverse pass. Here 
the calculated error signal propagates backward through the network, where ii is used to 
adjust the weights. These two passes are now expanded and expressed in somewhat more 
mathematical form. 

3.5.1 Forward pass ) 

In forward pass, the weights remain unchanged throughout the network and the func- 
tion signals are computed on neuron-by-neuron basis. Specifically, the function signal 
appearing at the output of neuron, j, in iteration, is computed as: 

Vj = (3.1) 

where, Vj is the net internal activity level of neuron, j, defined as 

p 

“ii Vi 

' '■ i=l 


(3.2) 
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where, p is the total number of inputs applied to the neuron, i, and wji is the weight 
connecting the neuron, i, to the neuron, j, and yj is the input signal of the neuron, j, or 
equivalently, the function signal appearing at the neuron. 

The error signal at the output of neuron, j, is defined as: 

6j = dj — yj ( 3 - 3 ) 

where, dj, is the desired output. 

The half of sum of squared errors is obtained as: 

e = 5 E (3.4) 

^ i=i 

where, r, is the total number of neurons in the output layer. 


3.5.2 Reverse pass 

The reverse pass starts at the output layer by passing the error signal leftward through the 
network, layer by layer and recursively calculating the local gradient, S, for each neuron. 
The weights are changed in accordance with the delta rule as explained in the following 
paragraphs. 


Adjusting the weights of the output layer 


In back propagation algorithm the weights of the output layer are adjusted as shown in 
the Fig 3.10. A correction Awji(n) is applied to the weights, which is proportional to the 
instantaneous gradient, expressed as: 

dE _ dE dcj dyj dvj 

dwji dcj dyj dvj dwji 


From Eq. 3.4 
From Eq. 3.3 
From Eq. 3.1 
From Eq. 3.2 


dE 

dtj ~ 



dyj 

dvj 


= H'^j) 


dvj 

Wji 


= yi 



NEURDN IN NEURON IN 



dE 

Therefore, — = -e,- Vi 
The correction applied according to the delta rule is 

Aujj-i = -77 - — 
dwji 


where, 77 = learning rate parameter This factorT? is very influencing parameter. If this is 
taken as large value then the system may not learn at all. If it less then the learning time 
increases and takes more computational time. 


Therefore, Awji = 77 Sj yi 

where the local gradient is 

6j = ej (3.5) 


Now, 4 >{vj) = a tanh(lwj) 

_ 1 - exp {-bvj) 

1 + exp {—bvj) 
_ 2 a 

1 + exp {—bvj) 




2 ab exp {—bvj) 

(1 + exp {—bvj)y 

(1 1 ) 

1 + exp {--bvj) 1 + exp {^bvj) 

b (a + ^(«,)) (1 - 
^ (a 4- (/>(vj)) [a - <f>{vj)) 
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Figure 3.11: Adjusting a weight in the hidden layer [13] 


2a 

2a 


(a^ - {vj)) 

{0^ - y]) 


Adjusting the weights of the hidden layer 

Hijden layers have no target vector, so the training process described above can not be 
used for these layers. This lack of training targets, makes the training extremely difficult. 
Back propagation trains the hidden layer by propagating the output error back through 
the network, layer by layer, adjusting the weights at each layer. The process has been 
shown in the Fig 3.11. Equation are used for all layers, both input and output. However, 
for hidden layer, 5, must be generated without the benefit of a training vector. 

From Eq. 3.5 

5, 


From Eq. 3.4 

hj 


5E 5yj 
Syj Svj 

5E , . 

-- 


ES&k 
ek j- 
k 
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5vk 5yj 

Let, q is the total number of inputs fed to the neuron, k, in the hidden layer. 


Since, ek = dk-yk = dk- <i>{vk) 


We have, 


6vk 


= -(f>f{vk) 



5^ 

hi 


&k 4>kl[Vk - Wkj] 
-Y Wkj 


Hence the local gradient for the hidden layer neurons can be written as: 


dj = Y dk Wkj 

J 

= (^) - y'j) Y '^kj dk 

The program for neural network part involves the two separate parts. One part is for 
training which is written separately. The flow chart for this program is as shown in the 
figure 3.12 The second part is for predicting the wear of the tool which takes the input 
pattern which contains cutting speed, feed, depth of cut, voltage comes from the optical 
sensor. The second part is a part of the operating module as shown in the figure 3.13. 
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Figure 3.12; Flow 


Chart of the Neural Network for training 

















Figure 3.13: Flow Chart of the Neural Network for Predicting 








Chapter 4 


RESULTS AND DISCUSSION 


The objective of the experiments carried out under different working conditions is to 
monitor the tool wear phenomenon during machining with feed back and without feed 
back system as well as to test the accuracy of prediction of the flank wear by trained neural 
network. For training the neural network the flank wear data was collected by conducting 
the experiments. For carrying out these experiments different procedures were adopted 
so as to avoid the errors. The experimentation can be divided mainly into three types. 

• Type I :Experiments without feed back system, 

• Type II Experiments with feed back system and, 

• Type III Experiments to test the neural network system. 

To get better results and to have repeatability of the experiments, tool material, work 
material, tool overhang, tool height, tool geometry (given in the appendix) were kept 
constant for all experiments as mentioned above. All the experiments were conducted 
on an engine lathe on which the sensor was mounted to monitor the tool wear and 
control the workpiece dimensional inaccuracy. The procedure adopted for conducting the 
experiments changes from type to type. The following paragraphs will give the full details 
of each type of the experiments. 


4.1 Experiments Without feed back(Type I) 

These experiments were carried out without feed back to investigate the dimensional insta- 
bility of the job due to tool wear under different working conditions. The dimensional 
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instability of a job produced on the lathe can also be defined as diameter variation in 
the job achieved as compared to the desired diameter along the length of the workpiece. 
The workpiece length was taken as 30 cm. The design of experiments procedure was 
followed to plan these experiments. The total experiments conducted were 20 in number. 
The flank wear(h/) was taken as the output response, and cutting speed, feed and depth 
of cut were taken as input ^'a^iables. The complete plan of the experiments is given in 
table 2.2. The procedure for all these experiments is the same except that the cutting 
conditions change from experiment to experiment. 

The procedure followed during experimentation was as follows. 

• The machining was performed after setting all the cutting conditions that is, feed, 
cutting speed and depth of cut. 

• After machining, the dial indicator whose least count is 0.002 mm was taken and 
placed on the carriage at the starting point of the machining and the dial was 
adjusted to indicate the zero reading. 

• The dial indicator was moved by moving the carriage along the length of the work- 
piece and the readings at an interval of one cm length were noted down. 

• The tool was removed from the tool post after machining and properly placed under 
the metallurgical microscope, with a scale on the eyepiece whose least count is 0.0635 
mm. The flank wear was measured after cleaning the tool bit. 


4.2 Experiments With Feed Back(Type II) 

These experiments were carried out with feed back system by using the same cutting 
conditions with which the T}'pe I experiments were carried out. The same methodology 
was followed for measuring the diameteral deviation of the workpiece and the flank wear. 

The feed back system is made of optical sensor system and stepper motor with a 
controller. The optical sensor’s characteristic curve were first found to get the optimum 
stand-off-distance. Using the experimental results, the following characteristic curv^were 
obtained as shown in the figure 2.3. From the curves, the optimum range of stand- 
off-distance obtained as 2.5mm to 3.5 mm where the curve is almost linear. All the 
experiments (Type I ,11, III) were carried out by taking the stand-off-distance(SOD) as 
3.0 mm. The bundle of fibers both receiving the light and carrying the light was placed 
to exactly coincide with the central axis of the workpiece as shown in the Fig. 4.1. 
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Figure 4.1: Workpiece and optical sensor arrangement. 

The applied bias voltage to the photo diode was made almost constant to avoid fluc- 
tuations in the flnal signal obtained from the sensor. 

Tool wear becomes measurable only after certain length of machining. The required 
measurable length is 10mm. Up to this length the maximum change of diameter of the 
workpiece is 0.012mm(0.006 mm for radius change) which is named as a correction factor. 
This correction factor (0.006mm) is added to the controlling movement signal which will 
be sent by the controlling module. 

A change in the workpiece diameter and surface roughness leads a change in the 
voltage developed due to a change in the distance between the workpiece surface and the 
sensor. As the tool wears the workpiece diameter also changes accordingly and there will 
be a linear decrease in the voltage. The change in the voltage mainly corresponds to the 
change in the workpiece dimensions. The change in surface roughness also has a slight 
effect on the change in the voltage. Generally as the tool wears the surface roughness of 
the workpiece increases. The experiments were conducted to find this relationship. The 
Fig. 4.2 shows the relation between the sensor signal and the surface roughness drawn 
for the EN 24 steel as workpiece at the stand of distance 3.5mm. 

This slope was used in the operating module with the variable dvdX as shown in the 
flow chart of the operating module (fig.3.4). 

The voltage signal read by the computer at a certain instant corresponds to the work- 
piece diameter at that location of the sensor. To find the average diameter at a particular 
instant n number of signals were taken along the workpiece circumference and a signal 
corresponding to the average value of all these n number of signals was sent to the op- 
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Surface Roughness ( Ra in micro meter) 

Figure 4.2: Variation of aen^r output Vs Surface Roughness. 

H le The numher u is dependent upon the response time of the computer in 
erating module. ^ .evolutiou of the workpiece, 

sensing a voltage signal and the time 

. n to sense by the computer is 0.004 s and, the 

• Time taken for each signal to sense y 

. Time for 1 revolution of the workpiece is 60/N. 


0.004 


15000 

n='-7r 


(4.2) 


WhereN = KPM M the .Worfcpiece. controlling signals to be sent 

The relation between the distance to e move experiments, 

hy the computer is found by finding the error in th ^ 

With the results obtained there was an ^ „,03mm. Due to 

error remarned constant .r — ^ ae taJn as O.OS mm. 
this reason the precision o J 

E = 26 . 80 * 10 '®TnTn/ step 


AQitive error The relation was derived as 

This error is a positive error, x 
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where 

= Numberof signals to^ be sent to the controlling module. 

zz= Distance- to be moved by the crossslide for n- number of signals. 

'p= Pitch of the cross slide .lead screws 
m = Number of teeth on the worm wheel. 

n ,2 = Number of steps moved by the stepper motor for one revolution of the motor shaft. 
E = Error in the cross slide. 

Finally by substituting the required values the final result is 


nc = 4981.2: 

The relation for n^ in terms of the z was used in the operating module to find out the 
number of signals to be sent to the controlling module. 

With these conditions twenty experiments as designed were conducted as type I 
experiments. The flank wear for these 20 experiments was also noted and change in the 
workpiece diameter along its length of at an interval of 1cm increment was measured. 


4.3 Results 

The experiments were conducted with feed back and without feed back with the identical 
working conditions. They are numbered from 1 to 20 and arranged in the table according 
to composite rotatable design(table S.'^. The table 4.1 shows the flank wear with and 
without feed back system. The voltage corresponding to the dimensional inaccuracy was 
observed for the feed back system. The comparison of the dimensional inaccuracy with 
feed back and without feed back for various experiments is shown in figures from 4.3.1 to 
4.3.20. 

Figures 4.3.1 to 4.3.20 clearly show that the error in the measured workpiece diame- 
ter(in the Figures radius was shown) without feedback continuously increases along 
its length. However, the magnitude of the maximum error in each case is different, and it 
is a function of the machining conditions. Error in the radius (diameter) of the machined 
workpiece with feed back system increases along the length of the workpiece such that it 
is always below 0.03mm (0.06mm diameter change). This value was adopted as explained 
later. 




Fig.4.3.3 Experiment Number 3 
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Error in the radius(mni) Error in the radius(mm) 



Fig.4.3.19. Experiment number 19 



Figure 4.3; Comparison between the dimensional inaccuracy with FB and with out FB 
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The flank wear with feed back system for different working conditions (table 4.2) was 
used as a training set for the neural network. The input vector for the neural network is 
cutting speed, feed rate, depth of cut, and voltage from the sensor. The output vector for 
the neural network is flankwear. With these data the neural network was trained until 
the allowable squared error between the predicted and the experimental values is equal 
to or less than 0.0009 which is defined by the operator. The training set of the neural 
network was given in the table 4.1. . 

After some threshold value of the error the learning time required by the system is 
more. For training the neural network, the number of neurons taken for input layer of 
the neural network was 4, for hidden layer 7 and for outer layer 1. 

After learning of the neural network the training set was given as a input pattern and 
the prediction of the neural network was tested. Figure 4.5 shows the comparison of the 
experimental and predicted values. 

Five experiments were conducted (Type III) with feed back system to test the trained 
neural network. The final voltage difference and the machining conditions were used as 
input pattern to the neural network subroutine in the operating module. The predicted 
values and measured valuesof the flank wear are shown in the Fig. 4.4. 



Flank Wear measured (mm) 

Figure 4.4: Comparison between the measured value and predicted value. 
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Bxp.No 

cutting 

velocity 

(m/min) 

feed 

rate 

(mm/rev) 

depth of 

cut 

(mm) 

diference in 

voltage 

Volts 

fiankwear 

with FB 

mm 

flank wear 

without FB 

mm 

1 

30.91 

0.100 

0.5 

0.204 

0.3175 

0.1905 

2 

59.376 

0.100 

0.5 

0.282 

0.5715 

0.3175 

3 

30.47 

0.200 

0.5 

0.272 

0.4450 

0.381 

4 

58.30 

- 0.200 

0.5 

0.314 

1.1430 

0.9525 

5 

31.90 

0.100 

0.8 

0.291 

0.9525 

0.6985 

6 

60.31 

0.100 

0.8 

0.486 

1.9685 

1.9685 

7 

31.73 

0.200 

0.8 

0.279 

0.6985 

0.5715 

8 

59.96 

0.200 

0.8 

0.383 

1.8415 

1.4605 

9 

21.31 

0.150 

0.65 

0.235 

0.7620 

0.635 

10 

67.7 

0.150 

0.65 

0.332 

1.1430 

0.762 

11 

44.76 

0.060 

0.65 

0.228 ' 

0.5715 

0.381 

12 

44.76 

0.220 

0.65 

1 0.382 ' 

1.9050 ' 

1.5875 

13 

44.23 

0.150 

0.40 

0.289 

0.6350 

0.5715 

14 

43.80 

0.150 

0.90 

0.313 

1.0795 

0.6985 

15 

45.23 

0.150 

0.65 

0.304 

1.0795 

0.9000 

16 

43.70 

0.150 

0.65 

0.309 

1.1430 

1.143 

17 

46.40 

0.150 

0.65 

0.309 

1.0795 

, 1.0795 

18 

43.22 

0.150 

0.65 

0.291 

1.1430 

0.9525 

19 

46.80 

0.150 

0.65 

0.293 

0.9000 

0.762 

20 

45.86 

0.150 

0.65 

0.301 

0.9525 

0.8255 


Table 4.T. The cutting conditions and results observed for tool 




Exp. No cutting 

feed 

depth of 

diference in 

flank wear 

velocity 

rate 

cut 

Voltage 

With FB 

(m/min) 

(mm/rev) 

(mm) 

Volts 

mm 


30.91 

59.376 

30.47 

58.30 
31.90 

60.31 
31.73 
59.96 

21.31 
67.7 
44.76 
44.76 

44.23 

43.80 

45.23 
43.70 
46.40 
43.22 

46.80 
45.86 


0.100 

0.100 

0.200 

0.200 

0.100 

0.100 

0.200 

0.200 

0.150 

0.150 

0.060 

0.220 

0.150 

0.150 

0.150 

0.150 

0.150 

0.150 

0.150 

0.150 


0.5 

0.5 

0.5 

0.5 

0.8 

0.8 

0.8 

0.8 

0.65 

0.65 

0.65 

0.65 

0.40 

0.90 

0.65 

0.65 

0.65 

0.65 

0.65 

0.65 


0.204 

0.282 

0.272 

0.314 

0.291 

0.486 

0.279 

0.383 

0.235 

0.332 

0.228 

0.382 

0.289 

0.313 

0.304 

0.309 

0.309 

0.291 

0.293 

0.301 


0.317 
0.571 
0.445 


n 


Table 4.2: The Training Set for the Neural Network 




S.No 

cutting 

velocity 

(m/min) 

feed 

rate 

(nam/rev) 

depth of 

cut 

(mm) 

diference in 

voltage 

(Volts) 

flankwear 

mesured 

(mm) 

flank wear 

predicted 

(mm) 

1 

65.97 

0.150 

0.6 

0.280 

1.270 

1.1549 

2 

50.26 

0.200 

0.8 

0.160 

1.2065 

1.2330 

3 

38.20 

0.200 

0.9 

0.304 

1.3335 

1.2301 

4 

21.99 

0.400 

0.5 

0.291 

0.3810 

0.3521 

5 

26.70 

0.225 

0.4 

0.230 

0.3810 

0.3746 1 


Table 4.3; The Verification Set of the Neural Network 
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Using the experimental data(Table 4.2) two polynomial equations in terms of the 
input variables have been evolved; One for the case with feed back and another without 
feed back. The response in both the cases was flank wear land. Evaluation of these 
response surface equations is simple and less time consuming as compared to neural 
network system. However the neural network can predict the response values with much 
less error whereas the statistical design of experiments will give a rough idea. The degree 
of the approximation depends upon various factors[14-]. However the design of experiments 
can give a rough idea about the interrelation between various variables. Two different 
polynomials were obtained one for with out feed back and another for with feed back. 

The polynomial is also called the regressionequation. In case of without feed back 
system the regression equation is given as 

y = + 0.9388 + 0.12 xi + 0.1625 X 2 + 0.2248 xz - 0.07433 xl 

+ 0.02672 x\ — 0.096790 x^ + 0.007937 XiXz — 0.182563 XiXz 
— 0.182562 xzxz (^-5) 

The regression equation for flank wear as response (y) and cutting parameteisas vari- 
ables for case with feed back system is given as 


y = + 1.050 - 1 - 0.27 Xl -b 0.1875 xz + 0.2732 X 3 - 0.03881 xl 

+ 0.06224 xl - 0.07250 xl -b 0.0071375 XiXz + 0.1508 X 1 X 3 
-0.1350x2X3 (+. 6 ) 

Here 

In both the above equations 4.5 and 4.6 

X , = cutting velocity 
Xj_ = feed rate 
= depth of cut 
y = Flank wear land (h/) 


4.4 Discussion 

The main aim of the experiments is to collect the data for training the neural network and 
to test the efficacy of the sensor. The sensor is capable of sensing a gap above or equal to 




Figure 4.5: Yfiriation of Flank wear Vs Cutting Speed with FB and without FB 

20 nm witii a toloraiico of ±4 microns. The feed back system also acting as controlling 
system, is capable to move the tool by not less than 0.03 mm. Hence, 0.03 mm precision 
was identified fis the least possible controllable movement. 

It is evident that the present system is effective only when the required dimensional 
inaccuracy is approximately equal to or more than 0.03mm. Although the sensor system 
is capable to sense 0.02 mm but the feed back system is not capable to do so. However 
such sensors can be easily adapted to CNC machines. [7] 

The maximum flank wear was observed in case of FB system. This is due to additional 
abrjision wear of the tool. Whenever a compensation for the tool wear is made, its depth of 
cut increases resulting in the increased wear. This tool wear also depends upon the cutting 
speed. If the cutting speed is moderate or less then the rate of abrasion will be very small. 
At higher siumhIs tluu'c^ will he definitely inerc'ased tool wear with FB system. There must 
be a conipromis(! beiw(H:u the additional tool wear and the dimensional inaccuracy that 
the FB is controlling. This can be achieved by operating the system at a moderate speed. 

Various graphs were plotted using equations 4.5 to 4.6 to show the variation in the 
flank wear with different cutting conditions. 

At low cutting speeds flank wear decreases as the cutting increases(fig. 4.5). 
However, beyond a certain value of cutting speed the flank wear starts increasing with 
the increase injcutting speed, and this cutting speed is called &s critical speed. The flank 
w'ear at low cutting speeds is mainly due to the attrition wear phenomenon. Attrition 
wear is not accelerated by high temperatures, and it tends to disappe.u at high cutting 
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Figure 4.6: Variation of Flank wear Vs Feed rate with FB and without FB 
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Figure 4.7: Variation of Flank wear Vs Depth of cut with FB and without FB 



si)c<;(l.s(hiKli U'nipornt.ures). Hut as the cutting speed increases the hot hardness of the 
tool will (l<‘cr<'nsc and the tool wear starts increavsing. The flank wear also increases with 
the incr<'iis<' in th<> h^'d rate as shown in the h'ig. -I.h. As in other cases the tool wear is 
also more in <‘hs(' of niacliining with tlie feed hack system than without feed back system 
whih' varying t.he ra(,e. 'I'he influence of the depth of cut is dependent upon the feed 
and sp<’<'d. It vari<\s <lif Terentiy with different other working conditions as shown in the 
ligure 4.7. 

'l'h(‘ flank w(uir wjis o])served to be more for machining with feed back system compared 
to that of machining without feed back system(as shown in the figures 4.5, 4.6 and 4.7). 
This is because whenever tool is moved towards workpiece to control the dimensional 
inac<'uracy of t.he workpiece the tool suddenly faces the extra depth of cut and thus 
caus(w t.he increase in the abrasive action which results in the increase in the flank wear. 
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Chapter 5 
Conclusions 


An on-line monitoring of tool wear and control of dimensional inaccuracy using the system 
has been tested experimentally. Erom the experimental results it can be concluded that 
the required objectives of the present work are fulfilled. The workpiece radius change 
ha.s been restricted to 0.038 mm in the worst case and 0.028 mm in the best case. The 
performance of the control system was tested for a range of cutting conditions. The 
system was found to work effectively. 

The following objectives have been fulfilled. 

• Design and fabrication of a sensing device to sense the tool wear during the machin- 
ing. 

• Design and fabrication of actuator to position the tool post according to the tool 
wear. 

• Design of a feed back control system components like SAC(sensing and amplification 
circuit), PCIC(PC interfacing circuit). System was developed using the C language 
which is a menu driven and user friendly. 


5.1 Scope for future work 

The present system sensitivity can be improved still further by arranging two sensors 
opposite to each other one in the front slope region and another in the back slope region. 
The system can be used on CNC machines to develop an integrated system. The same 
sensing technology can be adopted for on-line measurement of out off roundness of e 
workpiece. The same system can be used to measure the tool wear In different machme 
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tools with littlo modifications. Presently it is developed exclusively for turning. The 
halogtni light can also be used in place of laser light to develop a low cost system. 
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Appendix 


Workpic’Cfi material 

: EN24 steel 

Workpiece composition 

: 0.35 - 0.45 %C; 

0.45 - 0.6 % Mn; 

1.3 - 1.8 % Ni; 

0.9 - 1.4 % Co; 

0.2 - 0.3 % Cr; 

0.1 - 0.35 % Si; 

rest is iron. 

Workpiece hardness 

: 2mBHN 

Cutting tool material 

: HSS with 5% Cobalt 

Cutting tool composition 

: 18% W, 4% Cr, 2% V, 5% Co 

Tool geometry 

: 0-8-4-4-12-15-0 mm 

Specification of lathe 

: Type : LB17 

center height ; 170 mm 

center distance : 1000 mm 

swing over bed : 350 mm 
swing over cross slide : 170 mm 
spindle speeds : 45 - 2000 rpm 
feeds : 0.0005 - 1.4 mm/rev. 
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• Specifiration of A/D card 


• Specification of Op-amp. 


• Hard Ware Contircli 


: Model : PCL 812 
: 16 single analog input channels 

: 12 bit successive approximation ADC 
: switch selectable bipolar input ranges as ±1V, ± 2V, 

± 5V or ± lOV 

• trigger modes by software command, programmable pacer 
or external pulse trigger 

: data transfer by program control, interrupt handler routine 
or direct memory access 

: Make : PMI 
Type : OP07CP 

Power supply ; total voltage AV = 30 i 

Maximum Voltage drift : 1.8 pV/pC j 

Maximum Voltage offset ; 250 pV 

Maximum curret offset : 8 nA | 

Maximum current bias : 9 nA I 

Pin Diagram: 
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